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Most studies on the potential impacts of deep-sea mining in the Clarion Clipperton Zone
(CCZ) have largely focused on benthic ecosystems but ignore the pelagic environment.
To model full-scale impacts, it is important to understand how sediment discharge might
affect the pelagic zone as well. This study combines in situ optics, hydrography, and
remote sensing to describe particle abundance and size distribution through the entire
water column in the CCZ (German sector). CCZ surface waters were characterized
as productive over the year. During the winter, we observed the formation of a sharp
transition zone in Chla concentration, identifying the area as a productive transitional
zone toward a more depleted ocean gyre. In the German sector, median particle size
was small (= 77 wm), and large particles (>300 wm) were rare. By assessing particle
flux attenuation, we could show that the presence of a thick oxygen minimum zone
(OMZ) plays an essential role in export and transformation of settling aggregates, with
strong diel variations. We suggest that the combination of small aggregate size, bottom
currents and slow seafloor consolidation may explain the extremely low sedimentation
rate in the CCZ. We conclude that sediment incorporations and ballasting effect on
settling particulate matter represent the most significant hazard on midwater and
benthic ecosystems.

Keywords: CCZ (Clarion-Clipperton Zone), optical system, camera, POC (particulate organic carbon), particle
size, deep-sea, mining

INTRODUCTION

A growing demand for metals and rare earth elements for use in frontier technologies is driving
accelerated research and development into viable deep-sea mining solutions (Miller et al., 2018). Of
particular economic importance are polymetallic nodules, which have been considered as mining
targets since the 1970s and are enriched with metals such as manganese, copper, nickel and cobalt,
as well as rare earth elements (Wegorzewski and Kuhn, 2014). Polymetallic nodules may form on
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the abyssal seafloor at depths between 4,000 and 6,000 m when
the water is well oxygenated, and the sedimentation rate is less
than 10 mm-kyr—! (Gollner et al,, 2017). The highest known
abundance of polymetallic nodules has been observed in the
Clarion Clipperton Zone (CCZ, Figure 1) in the north-eastern
Pacific Ocean, approximately 2,500 km off the coast of Mexico,
where ca. 30 billion tons of nodules lay on the seabed over an
area of between 4 and 5 million square kilometers (ISA, 2010).

To date, the International Seabed Authority has awarded 16
licenses for mining exploration in the CCZ, covering a 1 million
km? area of seabed (ISA, 2019). Deep-sea mining activities have
been recognized for their potential to drastically impact marine
ecosystems (Jones et al., 2017). The collection of nodules will be
carried out by autonomous mining crawlers (Figure 2), resulting
in sediment plumes released from the seafloor by the crawler’s
movement and harvesting activities (Gillard et al., 2019). In
addition, accidental waste spills of deep-sea sediment from the
mining platform or riser pipe will most likely affect the pelagic
environment. To date, the magnitude of the impact generated by
mining activity is still unpredictable, as a full-scale mining test
that includes a discharge into the midwater column has not yet
been performed (Christiansen et al., 2020; Mufioz-Royo et al.,
2021). Based on an estimation of 260 days per year of operation,
a mining vessel could release up to 1.2 x 10® kg of sediment
in the water column (Mufnoz-Royo et al, 2021). It has been
suggested that a sediment plume released in the epipelagic layer
will increase turbidity and decrease light penetration, resulting in
a net decrease in primary productivity. After release and dilution
of mining plumes, increased inorganic nutrients and trace metal
concentrations in the surface water might result in a shift in the
planktonic community (e.g., diatoms) and affect the entire food
web structure (Hyun et al., 1998).

Phytoplankton fix carbon dioxide into particulate organic
carbon (POC) via photosynthesis. The majority of this POC is
grazed by zooplankton and remineralized by bacteria within the
upper few hundred meters of the water column (Martin et al.,
1987). However, a fraction leaves the surface ocean and sinks
through the water column as fecal pellets, living, resting (e.g.,
cyst) or decaying organisms resulting in amorphous aggregates
called “marine snow” (particles > 0.5 mm) (e.g., Simon et al.,
2002; Turner, 2002, Turner, 2015; Spilling et al., 2006; Elovaara
et al, 2020). Combined, these processes are known as the
“biological carbon pump”—an important part of the global CO,
cycle (Fowler and Knauer, 1986; Passow and De La Rocha,
2006). Typically, POC transformation and turnover processes
during the sinking of organic aggregates result in just ~1%
of POC produced in surface waters reaching the deep seafloor
(Lutz et al., 2002).

Particle camera systems (Honjo et al, 1984; Asper, 1987;
Ratmeyer and Wefer, 1996; Gorsky et al., 2000) have significantly
improved during the past three decades. It is now possible to
develop higher resolution camera systems capable of imaging
smaller aggregates than previously possible (Picheral et al., 2010;
Schmid et al., 2016; Giering et al., 2020). The advantage of particle
cameras lies in their non-destructive nature of acquiring particle
size-distribution and abundance, in situ. Camera systems can
capture both short- and long-term dynamics from individual

vertical profiles and moored deployments equipped with camera
systems. Previous studies have combined sediment trap fluxes
with particle camera data to obtain high-resolution fluxes (e.g.,
Guidi et al., 2008; Iversen et al., 2010; Nowald et al., 2015; Seifert
etal,, 2019). Sediment traps collect settling particles at a particular
depth and area on daily to weekly intervals over long time
periods. But while traps only collect sinking particles, camera
systems image both suspended and sinking particles throughout
the water column. This provides data on the export history and
particle distribution at different depths with a high spatial and
temporal resolution (e.g., Picheral et al., 2010; Kiko et al., 2017;
Markussen et al., 2020).

So far, most studies in the CCZ have focused on benthic
environments, with little attention given to the wider benthic-
pelagic coupling influences such as phytoplankton composition,
water-column particle distribution, particle transport processes
and carbon flux from the surface ocean to the deep sea.
Such data are essential for environmental impact assessments,
particle export model calibration and to gain understanding
of how mining operations may impact and modify pelagic
ecosystems in the CCZ.

In the present study, we used a high-resolution profiling
camera system to study short-term vertical particle size-
distribution and abundance from the surface ocean down to
the seafloor of the German license area for nodule exploration,
in the CCZ. This study aims to: (i) provide an overview of
the oceanographic background of the area, (ii) describe how
particulate matter is distributed in the water column, (iii)
associate fundamental transport or alteration processes based
solely on particle size-distribution and abundance variations
through the water column and finally (iv) reappraise the risk of
mining waste released into the pelagic environment.

MATERIALS AND METHODS
Field Sampling

A vertical profiling camera system was deployed during the RV
Sonne cruise SO-262 in April/May 2018 to the eastern German
license of the CCZ (north-eastern Pacific Ocean; Figure 1 and
Table 1). Six deployments including surface (0-400 m) and deep-
water column profiles (0-4,000 m) were carried out in three
working areas (WA; 1-3). WA-1 was chosen as it corresponds
to the location of a mining collector-vehicle test by the Belgian
contractor DEME-GSR, that took place during April 2021.
WA-2 is located in an economically viable nodule field, and
WA-3 is designated as a “Preservation Reference Zone (PRZ).”
One surface deployment was performed outside of the German
license area during the retrieval of a deep-sea mooring from the
United Kingdom license area (referred to henceforth as WA-4).

Hydrography

Oceanographic data were collected during all deployments using
the onboard CTD-Rosette sampler. The CTD (SBE 19 plus V2
SeaCAT) was equipped with an oxygen sensor (Sea-Bird SBE
43), a fluorescence sensor (Wet Labs ECO), a PAR/irradiance
sensor (Biospherical QCP2300), and a Seapoint turbidity sensor.

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 820947


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Gillard et al.

CCZ Particulate Matter Vertical Distribution

25°N

20°N

NTAW 172W M7T0W 116°58W  116°56W  116°54W

15°N

10°N

UZ2W 117°0W 116°58'W

kT

17°38W

U7IW MT7UW 17 NT°OW 11728 W

5°N

0°

120°W 114°W

116°52W

117°26°

102°w 96°W

FIGURE 1 | Map showing camera deployment stations in relation to the bathymetry of the study area. The three study sites (WA 1-3) are located within the eastern
German license area for nodule exploration (red polygon), in the north-eastern Pacific Ocean. Camera-profiling stations are indicated by yellow boxes. Bathymetry of
the WA area is based on EM 120 measurements (Wiedicke-Hombach and Shipboard Scientific Party, 2009). Contours are 100 m; resolution of each data point is

120 m by 120 m.

Seasoft (version 2.4.0) was used for data processing, and downcast
profiles were binned at 1 m intervals. Identification of water
masses were made using temperature, salinity, and density
parameters following Wijffels et al. (1996).

Camera System Description

The particle camera system (PartiCam; Figure 3) was developed
based on the improved version of the ParCa system (Nowald
et al., 2006). The PartiCam was designed for deployments down
to 6,000 m and is fully autonomous. The system is composed of
two separate pressure housings, one containing the camera and
one containing the flash.

The PartiCam was equipped with a Canon EOS 760D SLR
with a resolution of 24.2 megapixels and a Canon EF-S 60 mm
f 2.8 macro lens. The use of a macro lens allows the images
to be taken closer to the lens and provides a higher optical

resolution, and a more even illumination of the sample volume.
A collimated light source (Yongnuo YN-468 II Speedlite strobe)
was mounted perpendicularly 20 cm from the camera. A short
flash duration of (1/200 s) allowed the acquisition of images
containing particles that were in focus without motion blur effects
(Figure 3C). Originally, the equipment was set up to maximize
the volume of water captured per image by the camera (0.6 1).
First profiling trials indicated that the system was working, but no
particles were detected. We hypothesized that either the particle
abundance was extremely low or that the particle size detection
range established by the camera setup was insufficient. Images
of particles were later acquired successfully by bringing the focal
plane closer to the lens and lighting, reducing the depth of
field. This resulted in a field of view of 4.0 x 6.0 x 0.7 cm
(width x height x depth), corresponding to a sampling volume
of 16.8 x 1073 1. The minimum particle diameter that can be
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FIGURE 2 | Schematic drawing of deep-sea manganese mining concept. Figure adapted from Gillard (2019).
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TABLE 1 | Station list description.

Station # WA Date Position Depths (m) Day Night
(2018) Latitude (N) Longitude (W) Water Profile

1.1 1 22.04 11°52.114 116°58.546' 4,136 400 X

1.2 1 23.04 11°51.627 117°00.511/ 4,115 4,096 X
1.3 1 25.04 11°50.608 117°01.970 4,129 400 X
2.1 2 02.05 11°53.833 116°07.310 4,172 400 X

2.2 2 03.05 11°50.589 116°09.206' 4,157 4,150 X

3.1 3 10.05 11°47.876 117°30.580' 4,327 3,071 X
41 4 08.05 12°37.316 116°29.741 4,236 400 X

detected with this optical setup is 0.03 mm with a pixel resolution
of 0.01 mm-pixel L.

The system was mounted inside the lower section of the RV
Sonne CTD-Rosette carousel next to the CTD sensor (Figure 3).
The position inside the carousel’s frame was best suited for
imaging particles without larger disturbances. The mounting
position also provided protection for the PartiCam system in
case the CTD-Rosette collided with the ship’s hull. Prior to
deployment, the system was programmed using mission planner
software to trigger the PartiCam at given time intervals (10 s) by

a microcontroller. The deployments were performed at a winch
speed of 1 m-s™1, which translated to trigger depth intervals of
10 m. All images were stored internally and downloaded using an
external USB port after each deployment.

Particle Size Detection Limits

Camera system limitations are mainly set by their optical
resolution (minimum particle size-spectra), frame acquisition
speed (total volume imaged per depth interval) and water column
characteristics (size-specific particle concentration). Each camera
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FIGURE 3 | (A) CTD-Rosette in the hangar of RV Sonne. (B) The PartiCam installed in the lower section of the CTD-Rosette next to the CTD. Examples of particles
captured by the PartiCam system: marine snow (C) and a swimming copepod (D).

system provides snapshots in time and space from a discrete
fraction of the complete particle size-spectra, throughout the
water column (Markussen et al., 2020). The PartiCam was set
to its highest resolution to capture smaller-sized aggregates,
however the upper size-detection limit should be considered due
to the scarcity of large aggregates in the water column and the
relatively small, imaged water volume per image acquired by
the camera system.

To date, the only camera profiles obtained close to our study
area were acquired by the Underwater Vision Profiler 5 in 2011
(UVPS5, unpublished, Supplementary Table 6). This existing data
set (12 profiles, Supplementary Figure 1) was downloaded from
the EcoTaxa database.' To compare the accuracy of the PartiCam
with the UVP5 system, we calculated particle count statistics, (as
a percentage of each particle size-class captured by the PartiCam
relative to the UVP), based on the compared sampled volume,
between the two camera systems (Supplementary Table 7).

Both the UVP5 and the PartiCam observed decreasing particle
counts with increasing particle size and depth (Supplementary
Figure 2). The size-specific particle concentrations were
comparable between the two camera systems for similar particle
size-classes. Hence, we consider that the image volume and the
optical resolution of the PartiCam were sufficient to provide
reliable data for particle size-distribution and abundance of
aggregates in the CCZ. Statistically reliable data could only be
obtained for large aggregates (particle size-spectra up to 400 jum)
in the upper 100 m of the water column, due to their scarcity.

Uhttps://ecotaxa.obs-vlfr.fr

When a full water-depth profile was performed, reliability for
the detection of these large aggregates was reduced to 323 pm
(Supplementary Figure 15).

Increasing the acquisition frame rate (Supplementary
Table 8) did not appreciably improve the upper size-range of
the particle size-spectra. In oligotrophic water, larger particles
(> 500 wm) are often rare (Jackson and Checkley, 2011), as
was observed both by PartiCam and the UVP5 (Supplementary
Figure 2). However, due to the higher optical resolution of the
PartiCam compared to the UVP5, we were able to detect smaller
particles in the CCZ.

Image Analysis

We used the MATLAB (R2016a) software package “Image
Processing toolbox” as described by Iversen et al. (2010) and
the architecture code of Markussen (2016) to remove the
image background and extract the size of the particles in each
image. Only downcast profiles were used for image analysis, to
avoid any water disturbance from the CTD-Rosette. Background
illumination was corrected using a rolling set of three pictures
to accurately estimate inconsistencies in illumination throughout
the profile. The median value of each pixel was assumed to
be the background intensity and was subtracted from that set
of pictures. A thresholding value was manually determined for
the entire profile set based on a combination of the following
methods: (1) the pixel gray pixel intensity, which corresponds to
the maximum gradient between the background and the particle
boundary (Supplementary Figures 3A,B) and, (2) by allowing
a maximal thresholding range of the gray pixel intensity level
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corresponding to a minimal noise detection (single or double
pixel) after thresholding (Markussen, 2016; Supplementary
Figures 3C-E). An average threshold intensity of 0.24 was found
to be optimal for our entire dataset. The area of each particle was
converted to equivalent spherical diameter (ESD) and equivalent
spherical volume (ESV). Zooplankton were manually removed
from the images and excluded from the measurements. All
particles from one image were binned into 11 predetermined size
classes (Supplementary Table 1).

To illustrate the change of particle size with increasing depth,
the number of particles per size-bin were converted into their
frequency as a percentage. This conversion was made due to
the broad range of particle abundances and sizes captured
by the camera system (Nowald et al, 2006). This approach
allowed a better illustration of changes in abundance and size-
distribution with increasing depth, compared to using absolute
particle numbers.

Satellite Imagery-Derived Parameters

The moderate resolution imaging spectroradiometer (MODIS)
satellite datasets used were downloaded from the Ocean Biology
Processing Group at NASAs Goddard Space Flight Center.”
Monthly (January 2018-December 2018) Chla, sea surface
temperature (SST, 11 p night-time) and POC were used. Ocean
net primary production (NPP) data were retrieved from the
vertically generalized production model (VGPM; Behrenfeld
and Falkowski, 1997a,b) estimated from the Ocean Productivity
website.” The average value of each parameter was extracted from
the area corresponding to the German license area (Figure 1, red
polygon) using SeaWiFS Data Analysis System software (SeaDAS
version 7.5-1; O’Reilly et al., 1998). Monthly mean climatology
(2002-2018) datasets (MODIS) were used as reference values for
comparison with 2018 datasets.

Statistical Analysis

MATLAB (R2016a) software was used for the statistical analysis
of the datasets. For every deployment, Pearson (R2) and
Spearman correlation coeflicient (Rs, significance threshold
using a P-value < 0.001) was applied to determine the
interdependence between two parameters from the PartiCam
system (median diameter (D50), abundance) and the CTD
(turbidity, fluorescence and Chla).

RESULTS

Oceanographic Conditions

A hydrographic summary of the eastern German license area is
shown in Figure 4. The sea surface water parameters derived
from monthly satellite imagery analysis (Figure 4A) indicate a
pronounced seasonal signal as shown by the variation of sea
surface temperatures (SST, amplitude of 1.6°C). The highest
SST was observed during June (28.5 £+ 0.4°C) and declined
at the start of the hurricane season to reach a colder period

2oceancolor.gsfc.nasa.gov

3science.oregonstate.edu/ocean.productivity

from November to March (27 £ 0.1°C). Primary production
(as indicated by changes in chlorophyll-a; Chla) followed an
inverse trend in comparison to SST, with maximum productivity
(0.17 + 0.03 mg-m~3 equivalent to net primary productivity of
379 4 26.2 mg-C-m~2-day~!) at the end of the colder period of
the year, during March. In contrast to the monthly climatology
2002-2018 (dotted lines in Figure 4A), 2018 exhibited a
net increase of 45% in primary productivity, reaching up to
0.21 £ 0.03 mgC-m~> at the end of the hurricane season
(October-November).

CTD casts obtained from 22nd April until 10th of May
throughout the entire water column are presented in Figure 4B.
The temperature profiles indicated the presence of a shallow
mixed layer down to 40 m depth, followed by a sharp temperature
gradient (maximum thermocline strength = 0.6°C-m~!) down
to 94 £ 10 m depth. Salinity increased steeply from the surface
(33.74 £ 0.08 PSU) to reach a maximum value of 34.8 & 0.01
PSU at around 134 £ 5 m depth. The combination of a strong
halocline/thermocline (located at 67 &= 3 m depth) resulted
in a strengthening of the sub-pycnocline which separated the
epipelagic layer from the deeper, stable layer. The deeper layer
was characterized by a slowly decreasing temperature (average
A of 0.3°C-100 m~!) and nearly uniform salinity (average A
of 0.002 PSU-100 m~!). The surface water was well oxygenated
within the mixed layer and reached 187.35 + 25.9 pmol
0,171, equivalent to 93 + 13% oxygen saturation. The oxygen
concentration started to decrease at a depth that coincided with
the thermocline. The oxygen minimum zone (OMZ; Figure 4B)
was well established and characterized by an upper (94 £+ 9
m) and a lower oxycline (474 £ 8 m) in which the oxygen
concentration dropped below 10 wmol O,-17! (< 4% saturation).
Inside the OMZ, the suboxic water was on top of a layer
containing a very low oxygen concentration (< 4.5 jumol-O,-17%;
0.1% saturation). At the lower oxycline, oxygen concentration
started to increase gradually with increasing depth to 97.2 pmol
0,171 at 4,000 m depth. The density profile (Figure 4B) depicts
slight variation throughout all CTD casts, four distinctive water
mass signatures were identified and are presented in Table 2.

Based on a larger oceanic context, the German license
area is located in the transition zone (10° N) between the
North Equatorial Current (NEC) and the North Equatorial
Counter Current (NECC). Satellite imagery (Figure 4C and
Supplementary Figure 4) indicated that surface productivity was
influenced by enriched water transported westward from the
coast of southwest Mexico and Guatemala through the German
license area of the CCZ. During the hurricane season (June-
November; Neumann, 1993), a clear separation was observed
between the German license area and the Equatorial and North
Pacific Gyre Systems.

Shallow Camera Profiles

Analysis of all stations, from the surface water down to 400
m depth, showed evident spatial variability (Figure 5). In
the German license area (WA-1 and WA-2), this tendency
was observed for satellite analysis of surface Chla (8 rolling
days; Supplementary Table 2) which also depicted temporal
variability. An increase of surface Chla concentration until
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FIGURE 4 | Oceanographic condition of the eastern German license area in CCZ. (A) Surface water characteristics using satellite (MODIS) derived parameters
including sea surface temperature (SST), Chlorophyll a (Chla), particulate organic carbon (POC) and net primary production (NPP). Yellow shaded areas represent the
timeframe during which all profiles were acquired, and purple shaded areas indicate the hurricane season (Neumann, 1993). (B) Vertical water mass characteristics
using CTD downcast profiles. Bold lines represent the median values and shaded areas indicate the variation from all profiles. The vertical water mass distribution is
shown on the right-hand side: Tropical Surface Water (TSW), Thermocline Layer (TML), Oxygen Minimum Zone (OMZ), North Pacific Intermediate Water (NPIW),
Deep Water (DW), North Pacific Deep Water (NPDW) and Lower Circumpolar Water (LCPW). (C) November 2018 surface Chla distribution in the north-eastern
Pacific. Light gray corresponds to cloud coverage and the eastern German license area is indicated by an L-shaped black polygon.
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TABLE 2 | Water mass structure of the eastern German License area.

Water mass Abbr. Min depth (m)  Max depth (m)
Tropical surface water TSW 0 46 £13
North Pacific Intermediate Water ~ NPIW 474 + 8 1,501 £ 13
North Pacific Deep Water NPDW 2,031 £+ 65 3,711 £ 29
Lower Circumpolar Water LCPW 3,711 £ 29 Bottom

mid-May was followed by a general decrease over time and
space. In contrast, surface Chla remained constant for station
4.1 (WA-4) and decreased for station 3.1 (WA-3), over time.
A positive correlation (Rs = 0.86 £ 0.06, R2 = 0.73 £ 0.06)
between turbidity and fluorescence was observed at all stations
(Figures 5A,B and Supplementary Table 3). On average, particle
abundance (Figure 5C) in the upper water column (< 400 m)
varied between stations (WA-1: 29 part-1~!; WA-2: 119 part-1™1;
WA-3: 179 part-1~1; WA-4: 149 part-1~!) but followed a general
increase over the sampling period. Median particle size (based on
the ESD, Figure 5D) was relatively constant (96 £ 12 pm) apart
from stations 1.2 and 1.3, which showed a smaller median particle
size of 30 pm. No aggregate larger than 700 pm was observed
for any station.

Here, the focus is on station 2.1 because it reflects the
particle properties seen in most of the camera profiles (Figure 6).
Results from other deployments are provided in Supplementary
Figures 5-10. PartiCam data from station 2.1 were characterized
by alarge variation of the particle distribution in the upper 150 m,
in comparison to the deeper section (Figure 6A). The maximum
particle abundance was found at a depth of 65 m where particle
abundance reached 595 part-1~! and particle size distribution
varied the most, ranging between 34 and 694 pm (Figure 6B).
Below 100 m depth, an increase in particle abundance was
observed at 125 m depth (upper section of the OMZ), reaching
an abundance of 417 part1~!. Below the subsurface particle
maximum (145 m), the particle size-distribution shifted toward
increasing particle sizes up to a maximum of 354 pm,
corresponding to 50% of the total size distribution, in terms of
abundance. Below 200 m depth, the particle abundance fluctuated
less, with an average abundance of 113 =+ 53 part-1"! and 70%
of the particles being smaller than 66 pwm. Overall, the size-
frequency distribution indicated that smaller particles (< 66
pwm) were dominant and provided the majority of the particle
abundance, with an average of 59 & 27% throughout the water
column. Medium-sized particles (66-295 pwm) contributed to
36 £ 25% of the particle abundance, while particles larger than
300 wm in diameter were rarely found (4 & 11%). A significant
linear correlation (Ry = 0.7 £ 0.1; p < 0.001; Supplementary
Table 3) was found between both turbidity and fluorescence and
the particle abundance. This relationship was more pronounced
at the pycnocline and oxycline depth (& 65 m) where the Chla
(1.19 mg Chla-m™3), particle abundance (595 part1~!) and
turbidity (0.3 NTU) reached their maximum values (Figure 6).

Deep-Water Camera Profiles
Particle properties (turbidity, abundance, median particle size
[D50]) acquired from deep-ocean profiles (400-4,000 m;

Figure 7) indicated much less spatial variability in comparison
to the shallow PartiCam profile (0-400 m; Figure 5). Turbidity
was relatively constant between the different working areas
(WA 1-3), with an average turbidity of 0.273 =+ 0.002
NTU. Low particle abundances were measured in WA-1
(stations 1.2 and 1.3), similar to the surface water layer
(Figure 5C) with 40 4 20 partl=! (Dsp = 48 + 5 pm).
A threefold decrease in particle abundance was observed for
WA-2 (station 2.2; Dsg = 79 wm) and WA-3 (station 3.1;
Dsyp = 94 um), down to 40 and 60 part1~!, respectively.
No significant correlation was found between any of the
parameters investigated.

The description of the particle abundance and size-
distribution for deep-water profiles through the entire water
column are presented by profile 2.2 (Figure 8). Table 3
summarizes the general trend from profile 2.2 particle
characteristics for every water mass. Profiles from other
deployments are provided in Supplementary Figures 11-13.
Below the OMZ, the particle abundance followed a net decrease,
reaching a minimal particle abundance in the deep-water layer
(DW; 38 4 72 part1™!) and a slight increase in the lower
circumpolar water mass (LCPW; 61 & 73 part-1~!). The same
trend was observed for the total particle volume (Table 3).
Overall, median particle size (Dsp) was relatively constant, with
particle sizes ranging from 71 to 113 pwm. There was a dominance
(65 £ 4%) of particles smaller than 66 pm to the particle
total abundance through the whole water column, followed
by medium-sized particles (66-295 pm; 34 £ 6%) and larger
particles (> 295 pm; 5 & 3%).

Particles larger than 300 jum were rarely observed (Figure 8).
The total volume profile (Supplementary Figure 14) clearly
showed the formation of seven maxima, all related to increased
median particle size. Even though smaller particles (< 66
wm) were the numerically dominant particle fraction at all
depths (Table 3), larger particles contributed 98 + 4% of
the maxima total volume. The depth-range at which those
maxima occurred was closely correlated to the transition zone
between water masses.

DISCUSSION

Oceanographic Conditions and
Productivity

Surface water analysis of the German license area in the
CCZ (Figure 4) showed a clear seasonal signal, which was
especially pronounced for Chla concentrations. The seasonality
in the CCZ is directly coupled to meridional migration of
the intertropical convergence zone (ITCZ), which extends to
10° N from August to September and moves closer to the
Equator during March (Amador et al, 2006). Regional and
global analysis of a similar concentration range of annual
surface Chla (Figure 9) has shown a distinct oceanic distribution
pattern corresponding to transitional zones located between
productive upwelling areas and more oligotrophic subtropical
gyres (Figure 9B). In comparison to the North Pacific Subtropical
Gyre, the eastern German license area seems to maintain
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relatively constant productivity (295.9 + 36.8 mgC-m~!-day~};
Figure 4) throughout the year of our study. During winter,
we observed the formation of a sharp transition zone where
a chlorophyll-a (Chla) front is formed (TZCF; Figure 9C),
similar to a Chla front observed in the North Pacific (Ayers
and Lozier, 2010). Satellite imagery (Supplementary Figure 4)
revealed an apparent influence of water masses from the
south-eastern coast of Mexico, suggesting that lateral advection
of nutrient-rich water may sustain the year-round primary
productivity in the area. Surface currents have been described
as a combination of northward Ekman transport generated
from the easterly trade wind system, seasonal wind-jet episodes
from the Gulf of Tehuantepec, Papagayo and Panama, and
a geostrophic current balance (Chelton et al.,, 2002; Kessler,
2006; Willett et al., 2006). Overall, nutrient-rich water upwelled
in the Costa Rica Dome is the main nutrient source to
the CCZ via lateral advection (Fiedler and Talley, 2006)
and seems to explain the continuous and stable productivity
throughout all seasons.

Particle Alteration in the Ocean Surface

The export efficiency of the biological carbon pump is mainly
driven by the formation and settling of aggregates in the ocean,
which rely on surface primary production (species composition,
size structure, growth rate), trophic coupling (grazer dynamics)
and the remineralization of exported material with depth (e.g.,
Guidi et al., 2009; Iversen et al, 2010; Henson et al., 2015;
Mouw et al., 2016). Surface Chla measurements in the euphotic
zone showed variations throughout the sampling period. There
was a significant correlation between particle abundance and
Chla concentrations for four of the seven stations analyzed
for vertical particle abundance (Supplementary Table 3). The
particle abundance was highest at depths corresponding to the
maximum Chla concentration. This and a strong correlation
between Chla and turbidity measurement indicated that both
small and large particles and aggregates were formed from
phytoplankton. The particle abundance decreased at increasing
depths below the Chla maximum and until the upper layer
of the OMZ. This might be explained by the remineralization
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of organic matter, a process that is typically at its highest
in the surface water, where up to 50% can be remineralized
(Martin et al, 1987). Higher remineralization rates in our
studied area could only be explained by assuming a low
settling velocity (3-5 m-day~!; Karakas et al, 2009; Iversen
et al., 2010), a higher water temperature (Marsay et al., 2015),
increasing microbial degradation (Bendtsen et al., 2015) and
close coupling between production and grazing (Jackson and
Checkley, 2011). Similar trends have also been reported in
the upwelling system off Cape Blanc (Nowald et al, 2006;
Iversen et al., 2010). Furthermore, in low latitude regions
where the seasonality signal is relatively weak compared
to high latitudes, smaller cell sizes typically dominate the
phytoplankton composition (Fryxell et al., 1979). Even if all
particles that were captured in the smaller size-classes by the
PartiCam could not be attributed to a phytoplanktonic cell, the
observed particle composition indicated that smaller particles
constituted up to 59%.

Based on the variation in particle size, abundance, and total
volume of aggregates over depths, it is possible to infer physical
and biological mechanisms that could have caused the vertical
changes in particle size-distribution and abundance. Physical
processes were directly inferred from our dataset and defined as:

1. Aggregation processes that may be related to
variations over depth, corresponding to a loss in total
abundance but not in the total volume of particles
(Burd and Jackson, 2009).

2. Disaggregation processes related to an increase in total
particle abundance without a change in overall volume
(Jackson, 1995, 1998).

Following the same principle, but more subjectively as no
in situ samples were collected, three biological interpretations
were defined as:

3. A large decrease in total volume combined with a
small decrease in total abundance suggests that larger
particles were lost. This indicates feeding or filter-feeding
by zooplankton that search for individual aggregates
(Frost, 1972).

4. A loss in total volume without a loss in total particle
abundance suggests microbial degradation, which
decreases the size of each particle without obliterating the
particles (Iversen and Ploug, 2010).

5. Aloss in both total abundance and total volume across the
whole size spectra either suggests a decrease in aggregate
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formation, or flux feeding from organisms waiting for
particles to fall into their feeding structures, e.g., feeding
nets or spines (Burd and Jackson, 2009) or a combination
of these.

To avoid any misinterpretation due to the mixing of previous
and recent particles settling at greater depth, only surface profiles
(0-400 m) were considered and are summarized in Figure 10.
Inside the thermocline layer, where particle abundance and
Chla reached their maximum, flux feeding from organisms was
suggested as the major degradation mechanism. These water
masses have been reported to possess the highest biomass
and abundance of zooplankton (Longhurst, 1985; Saltzman
and Wishner, 1997). Contrasting trends appeared between
daytime and night-time deployments. We observed an increase
in aggregation/disaggregation processes taking place at night
inside the OMZ, for all profiles. The size-spectrum analysis
(Supplementary Figure 16) revealed the same day/night-time
contrasts with overall decreasing particle concentrations and
more pronounced aggregation/disaggregation processes toward
larger particle sizes in the OMZ. The presence of a thick OMZ
layer represents a key environmental feature affecting all trophic
levels in the Pacific Ocean (Fernandez-Alamo and Firber-Lorda,

2006; Seibel, 2010; Cavan et al., 2018). Night-time diel migration
of zooplankton and nekton through more oxic layers in the OMZ
has also been reported (Zhang and Dam, 1997; Kimmel et al.,
2010; Wishner et al., 2013; Behrenfeld et al., 2019) and might
explain the high particle turnover that we observed in the profiles
made at night, compared to the daytime profiles.

At depths below the thermocline and OMZ, a decrease
in Chla concentration and increase in turbidity suggested the
presence of small inorganic or biogenic particles. Since the
aggregates within the thermocline layer and the OMZ were of
biological origin, it seems likely that the deep particles were not
directly related to the same surface layer. A similar observation
has been reported in the north-eastern Pacific (Cavan et al,
2018) and during vertical profiling analysis in Cape Blanc,
suggesting a lateral advection of marine particulate matter from
the coastal areas to the study site, located several hundreds of
kilometers offshore.

Export of Particulate Matter to the

Seafloor
The mechanism for the formation of polymetallic nodules is
still debated, but it occurs in all major oceans at a depth
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TABLE 3 | Station 2.2 particle-related parameters summary from each water masses.

Water masses Depth range (m) Abundance (# -I= ) Total volume D5 (rm) Size <66 pm Size 66 > x < 295 Size > 295
(ppm) (%) wm (%) wm (%)
TSW 0 43 351 £ 178 10.0 £20.8 79 + 54 67.7 £19.4 22.84+18.6 9.6 £0.0
TML 43 87 523 + 266 6.7 + 141 71147 61.5 £ 23.0 31.2+46 7.3+187
oMz 87 483 148 £ 114 1.8+54 113 £ 154 64.6 + 2.0 28.1+3.7 7.3+6.3
NPIW 483 1,509 71480 0.5+34 93 + 85 69.5+1.3 255+ 2.4 5.0+5.1
DW 1,509 2,011 38+ 72 0.1+0.3 97 £ 69 60.6 + 4.1 39.4 +£3.9 0.0
NPDW 2,011 3,762 41+£73 03+24 95 + 82 61.5+1.3 34.8+1.4 38+44
LCPW 3,762 4,160 61473 0.8+7.7 96 + 101 67.7 £ 4.7 31.2+4.0 11 4+174

TSW, Tropical surface water; TML, thermocline layer; OMZ, Oxygen minimum zone; NPIVW, north Pacific intermediate water; DW, deep water; NPDW, North Pacific deep

water; LCPW, lower circumpolar water.

between 4,000 and 6,000 m (Hein and Koschinsky, 2013)
where the sedimentation rate is extremely low (CCZ: 0.2-
1.15 cm-kyr~!; Volz et al, 2018). Our study shows that the
CCZ has a stable rate of photosynthetic carbon fixation in
the surface ocean throughout all seasons and is defined as a
productivity transition zone with relatively high export from
the surface ocean, compared to other regions in the CCZ (Kim
et al.,, 2012). The vertical size-distribution and abundance of
particles and aggregates in this study suggested that there is
low sedimentation on the seafloor despite the relatively high
and constant surface ocean productivity. We found that the

aggregate size spectra were mainly centered around smaller
particles (< 77 pm) and that large aggregates (> 300 jum) were
scarce. It was not possible to measure in situ settling velocities
of the particles and aggregates during our study. However,
based on previous size-specific sinking velocity measurements of
similar aggregate types and sizes (Iversen and Ploug, 2010), we
could assume settling velocities ranging from 3 to 15 m-day !
for aggregates of sizes ranging from 30 to 70 pm. Such low
sinking velocities result in long residence times of the aggregates
in the water column before reaching the seafloor (from 277
to 1,380 days to reach a depth of 4,150 m). This allows a
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long time for microbial degradation, zooplankton grazing and
lateral advection, resulting in a low export efficiency (Henson
et al., 2012) and could explain why the German license area
in the CCZ has such a low sedimentation rate. Finally, once
an aggregate is deposited on the seafloor it might be easily
resuspended by increased bottom current velocity (eddies) or
even benthic storms (Thomsen and Gust, 2000; Aleynik et al.,
2017). Furthermore, Becker et al. (2001) demonstrated that

consolidation of surface sediments might take up to 20 years in
the deep-sea environment.

Impact From Mining Activities on
Particulate Matter Transport

The effect of industrial-scale mining sediment plume exposure
on the benthic-pelagic environment needs to be considered, as
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records of offshore activity has proven that accidents and waste
spill into the water column can occur (e.g., 2010 Deepwater
Horizon oil spill). As primary sediment particles have a strong
potential for aggregation at the study site (Gillard et al., 2019),
far-field dispersion of a reinjected mining sediment plume in the
upper water column will interfere with natural particle fluxes,
potentially modifying the biological carbon pump (Weaver et al.,
2018; Boyd et al., 2019; Drazen et al., 2019). Since our results, as
well as studies from others (Henson et al., 2012), show that most
organic particles at the study site are small and settle slowly, an
injection of fine lithogenic sediment particles and nodule fines
from mining vessels would probably enhance and disturb the
benthic-pelagic coupling in the German license area. Mufioz-
Royo et al. (2021) assessed the scale of discharged mining plumes
in the water column and concluded that the plume is dominated
by fine particles that are slowly concentrated in the water column.
After years of mining operations, this background concentration
of suspended fine particles could then start to interfere with the
slow vertical flux of organic-rich aggregates. Aggregation with
these particles in the vicinity of discharge points could lead to a
faster fallout of the organic fraction (Hamm, 2002; Iversen and
Robert, 2015), lowering the nutritional value of the aggregates
due to subsequent changes in the mineral content, altering carbon
stocks in sediments (Atwood et al., 2020). This ballasting effect
causes an increase in size-specific settling velocity and has been
described for the discharge of drill cuttings (Pabortsava et al.,
2011). We predict that this effect will vary depending on the
concentration of the sediment plume and the water depth at
which it is released. It will be more pronounced in the euphotic
layer, where sediment plume particles are incorporated during
aggregate formation (Hamm, 2002; Iversen and Robert, 2015; van
der Jagt et al., 2018) even if the benthic remineralization of POC
is dominated by microbes that adapt rapidly to change in settling
flux (Kanzog et al.,, 2008). It will however have consequences
for both the midwater ecosystem (Drazen et al., 2020) and the
benthic ecosystem (Vanreusel et al., 2016).

CONCLUSION

The eastern German license area was identified as a productive
transitional zone toward a more depleted ocean gyre. Seven
verticals in situ camera and CTD profiles indicated that
despite constant primary productivity in the surface ocean,
very little material reaches the seafloor due to a dominance of
small, slow-sinking aggregates. We found that the combination
of small aggregate size, bottom currents and slow seafloor
consolidation explained the extremely low sedimentation rate
in the CCZ. Future mining of the seafloor will impact not
only the benthic ecosystem but also the pelagic environment.
We believe that our findings will improve full water-depth
modeling and help making more precise predictions regarding
the potential impact of deep-sea mining activities. However, other
scientific aspects and processes such as inorganic nutrients, trace
elements, phytoplankton community structure, and zooplankton
response to sediment plume exposure in the water column still
require investigation.
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